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In the face of climate change, achieving resilience of desirable aspects of
food-energy-water (FEW) systems already strained by competing multi-scalar social
objectives requires interdisciplinary approaches. This study is part of a larger effort
exploring “Innovations in the Food-Energy-Water Nexus (INFEWS)” in the Columbia
River Basin (CRB) through coordinated modeling and simulated management scenarios.
Here, we focus on a case study and conceptual mapping of the Yakima River Basin
(YRB), a sub-basin of the CRB. Previous research on FEW system management and
resilience includes some attention to social dynamics (e.g., economic and governance
systems); however, more attention to social drivers and outcomes is needed. Our goals
are to identify several underutilized ways to incorporate social science perspectives
into FEW nexus research and to explore how this interdisciplinary endeavor alters how
we assess innovations and resilience in FEW systems. First, we investigate insights
on FEW nexus resilience from the social sciences. Next, we delineate strategies
for further incorporation of social considerations into FEW nexus research, including
the use of social science perspectives and frameworks such as socio-ecological
resilience and community capitals. Then, we examine a case study of the YRB,
focusing on the historical development of the FEW nexus and innovations. We find
that a resilience focus applied to the FEW nexus can inadvertently emphasize a
status quo imposed by those already in power. Incorporating perspectives from
the social sciences, which highlight issues related to inequality, power, and social
justice, can address these shortcomings and inform future innovations. Finally, we
use causal loop diagrams to explore the role of the social in the FEW nexus, and
we suggest ways to incorporate social aspects into an existing stock and flow
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object-oriented modeling system. This project represents a starting point for a continued
research agenda that incorporates social dynamics into FEW system resilience modeling
and management in the CRB.
Keywords: resilience, sustainability, social science, Food-Energy-Water Nexus, INFEWS, Columbia River Basin,
Yakima River Basin
INTRODUCTION
The Columbia River Basin (CRB) in the Pacific Northwest Region
of the United States is home to a network of food production
systems, hydroelectric dams, and tributaries and watersheds
that shape the food-energy-water (FEW) nexus. The region is
currently attempting to plan for projected changes in climate
and precipitation, extremes in flood, and the renegotiation
of the Columbia River Treaty (Cosens, 2010, 2016; Vano
et al., 2010; Cosens and Fremier, 2018). Within the CRB,
the Yakima River Basin (YRB) in particular provides more
than $3 billion in agricultural products (Yoder et al., 2017),
$3.4 million in power generation to local and regional grids
(USBR, 2011a,b), and instream flows for endangered salmon and
steelhead (Cosens et al., 2018). Over the past century the YRB
has experienced a veritable food-energy-water transformation,
from one dominated by Native American tribes and fishing, to
a multicultural, highly managed, highly profitable agricultural
center. This transformation was made possible by innovative
developments and massive investments in infrastructure for
irrigated agriculture, reservoir storage, railroad and highway
connectivity, and fish ladders and screens (Meinig, 1962; Jarosz
and Qazi, 2000; Vano et al., 2010; 98 Stat. 1333, Public Law 98–
381; 98 Stat. 1379, Public Law 98–396). Not all transformations
have been beneficial, nor have the benefits and costs been
distributed evenly. For example, health concerns for farmworkers
and consumers due to pesticide usage (Jarosz and Qazi, 2000),
civil unrest over wage disputes (McMahon, 2002), protests
over rangeland parcelization (Olson, 1980), and decades of
litigation over declining fish resources available for Yakama
Nation communities (Cosens et al., 2018) are inexorably tied to
the development of the FEW nexus in this region.
In order to address FEW nexus sustainability in the YRB,
CRB, and beyond, we need research that incorporates not
only biophysical feedbacks and tradeoffs into proposals for
innovation, but also socio-cultural drivers and outcomes of
these interactions. According to the (World Commission on
Environment Development, 1987), “a world in which poverty
is endemic will always be prone to ecological and other
disasters” (Lockie, 2016). However, divides between social and
natural sciences sometimes hinder interdisciplinary work, in
part because disciplines have developed independently with their
own methodologies, epistemologies (Miller et al., 2008; Stuart,
2016), and ontologies. To address FEW nexus sustainability,
we draw upon the concept of resilience. This offers one
promising way forward, but it is not without issues. Numerous
scholars address why resilience as a concept is unappealing to
social sciences (Olsson et al., 2015) or how it has important
limitations (Davidson, 2010; Cote and Nightingale, 2012; Hatt,
2013). Many of these issues are also relevant to discussions
of sustainability. The puzzle we tackle in this paper is how
to address these issues and incorporate considerations of the
social, including political, economic, and cultural issues, into
FEW nexus resilience research. We argue that incorporating
considerations of social-ecological resilience along with other
insights, frameworks, and indicators from the social sciences
will improve research by making it more just, more accurate,
and more likely to produce desired advances, such as innovation
adoption, and avoid unintended negative consequences.
In what follows, we first discuss several issues in bringing
social science, and social considerations, into FEW nexus
resilience research.We then discuss opportunities in this area and
identify a set of possibly useful frameworks and indicators, while
also acknowledging limitations and data needs. The strategies we
suggest for incorporating the social into FEW nexus resilience
emphasize process, metrics, and modeling. After this, to provide
real-world context, we examine a case study of the YRB focusing
on the historical development of the FEW nexus and current
FEW nexus challenges and innovations. We also use this case
study to explore some of the issues and opportunities that
arise when incorporating social considerations into FEW nexus
research. Finally, we discuss our conceptual mapping approach,
the goal of which is to advance incorporation of the social into
FEWnexus resilience research and facilitate later efforts at system
dynamic (SD) modeling. We examine how social insights inform
research based on an object-oriented river basin modeling system
already in use (RiverWareTM, Carron et al., 2000; Zagona et al.,
2001), and we discuss implications for future research. This
paper represents an interdisciplinary approach—while engineers
may not be aware of some of the social science frameworks we
discuss, sociologists may not be as familiar with system dynamics
modeling—therefore our work aims to facilitate collaboration
between diverse audiences.
BRINGING SOCIAL SCIENCE INTO FEW
NEXUS RESILIENCE RESEARCH
Growing concern has been expressed over food, energy, water
resources, and their deep connection to income inequality,
economic instability, and urban expansion (Middleton
et al., 2015; Howarth and Monasterolo, 2016). Importantly,
researchers are questioning how FEW nexus frameworks can be
operationalized (Liu et al., 2017), whether critical issues such as
labor, human capital, health, and welfare are absent (Wichelns,
2017), and what perspectives/institutions should be prioritized
for integration (Al-Saidi and Elagib, 2017). Here we discuss
concepts and issues related to these questions in an effort to
Frontiers in Environmental Science | www.frontiersin.org 2 September 2018 | Volume 6 | Article 104
Givens et al. Social Science and FEW Resilience
bring social science perspectives more explicitly into FEW nexus
resilience research.
Concepts
Many have studied the water-energy-food (WEF) nexus and
have used this specific abbreviation to investigate the complex
interactions between these resources (Lawford et al., 2013; Biggs
et al., 2015; Middleton et al., 2015; Larcom and van Gevelt,
2017; Liu et al., 2017). We use the FEW (food-energy-water)
abbreviation for consistency with recent initiatives and projects
funded by the National Science Foundation (2015) and Mohtar
and Lawford (2016). These projects emphasize a systems-based
approach to understanding Innovations at the Nexus of Food,
Energy, and Water Systems (INFEWS). D’Odorico et al. (2018)
recently discuss these emerging initiatives and parallel growing
literatures in their thorough review of the Global Food-Energy-
Water nexus. Synergies among variations in WEF focus, which
tend to emphasize global resource security and development, and
FEW nexus research themes such as fundamental understanding
and basic research, need to continually be explored, especially
with further considerations for how they define ultimate goals
(National Science Foundation, 2015; Albrecht et al., 2018;
D’Odorico et al., 2018). Despite differences in terminology, we
utilize insights from both of these complementary bodies of
research.
Sustainability and resilience are also related concepts.
Davidson (2010: p. 1136) defines sustainability as a “systemic
state of indefinite equilibrium, in which levels of anthropogenic
material consumption and waste production remain below
threshold productive and absorptive capacities of the ecological
system, while at the same time ensuring a quality of life
that is considered acceptable by current and future members
of that social system.” The most common definition of
sustainable development comes from the World Commission on
Environment Development (1987) report Our Common Future,
which defines sustainable development as “development that
meets the needs of the present without compromising the ability
of future generations to meet their own needs.”
We understand resilience generally to refer to the ability of
systems to absorb and adapt to change without the dissolution
or transformation of the system (Gunderson, 2000); we expand
on this in more detail below. In line with others, we consider
resilience in the face of change to be a component of larger
sustainability aims (Summers et al., 2017). Yet we recognize
resilience is not a synonym for sustainability. Resilience is
not always desirable (Fernandez et al., 2016); even when it is
desirable it may not be a priority for sustainability, it is not
required for or an outcome of sustainable development, and
it has limitations when applied to the social realm (Lockie,
2016).
Issues With Incorporating the Social Into
FEW Nexus Resilience Research
Social scientists have been critical of work attempting to include
social factors in studies of resilience because the concept is
often seen as incompatible with social systems (Davidson, 2010;
Olsson et al., 2015; Stuart, 2016). Here, we present five areas
of complexity when integrating the social into biophysical FEW
nexus resilience research. This is useful because understanding
the complexity of interdisciplinary integration is necessary
in order to move past previous limitations. In highlighting
these issues, we provide insights as to how incorporating
social considerations can advance understanding of FEW nexus
resilience.
Defining Resilience Across Disciplines
A first issue is variation in the concept of resilience across
disciplines. “It is evident that the dominant worldview in resource
and environmental management of “systems in equilibrium”
is incompatible with observations of the complex dynamics
of social and ecological systems” (Berkes et al., 2003: p. xi).
In engineering and some branches of ecology, resilience is
commonly understood as a natural balance, or a steady state
to which a system returns after a stress or perturbation. These
understandings often reference the ball and cup analogy of
returning to a state of equilibrium, or possibly transitioning to
a new state with a new equilibrium. Applying a social science
lens to the FEW system draws attention to limitations of the
engineering definition of resilience and highlights the need to
understand ecological and social system realities more explicitly
represented in the ecological definition of resilience. While in
engineering, resilience may be operationalized as time to return
to equilibrium, in ecology, resilience might be measured as the
magnitude of change that can be absorbed before transitioning
to a new state (Berkes et al., 2003: p. 35; see Davidson et al.,
2016 and Quinlan et al., 2016 for reviews of definitions across
disciplines). In socio-ecological and other interdisciplinary
research, resilience refers to the ability of systems to resist or
adapt to changes or shocks and persist, or to move into an
alternative, possibly more desirable state (Folke, 2006; Olsson
et al., 2015). Addressing conceptual variations in understandings
of resilience, and subsequent differences in operationalization
and measurement, is a first step in incorporating the social into
FEW nexus resilience research (Chuang et al., 2018).
Social Justice Considerations—Resilience for Whom
and of What?
A second related consideration when bringing the social into
FEW nexus resilience research is the question of whether
resilience is normative. Resilience researchers tend to understand
resilience as “good” (Olsson et al., 2015). However, social
scientists are likely to question this assumption, encouraging
resilience researchers to take a more critical approach by asking
“resilience for whom?” and “resilience of what?” (Cote and
Nightingale, 2012; Olsson et al., 2015)1.
In terms of “for whom,” social scientists, especially
sociologists, are likely to highlight the roles of inequality
and power in systems (Roberts and Parks, 2006; Jorgenson and
Clark, 2009; Jorgenson, 2016; Givens, 2018). Lockie (2015: p. 139)
1Resilience researchers occasionally acknowledge that there is not necessarily an
implication that resilience is good, because it could get in the way of replacing
an undesirable system (Folke, 2006) and sometimes change is desired (Walker
et al., 2004). Despite such acknowledgments, much of the writing about resilience
assumes it is desirable.
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writes, “the pollution that makes some people wealthy makes
other people sick, threatens their livelihoods, and increases their
risk of injury and displacement.” Yet despite knowledge that
social problems make societies and systems more vulnerable,
resilience research does not tend to prioritize poverty alleviation
or address social injustice (Lockie, 2016). Cote and Nightingale
(2012: p. 484–485, 479) portray FEW nexus resilience as “a
power-laden framework that creates certain windows of visibility
on the processes of change while obscuring others.” Resilience
research has also tended to treat social groups as homogeneous
and static (Stuart, 2016). FEWnexus research would be improved
by giving attention not only to tradeoffs between sectors (Endo
et al., 2017; Larcom and van Gevelt, 2017) but also to conflict,
conflicting interests, and power dynamics within sectors and
nexus stakeholders (e.g., Huszar et al., 1978; Jarosz and Qazi,
2000; Diver, 2018). Instances of mutually beneficial cooperation
and exchange can also be examined and may serve as models.
With respect to “resilience of what,” social scientists may
question the desirability of FEW system resilience, which
presupposes the value of maintaining the system, rather than
aiming for system change. In the social sciences, especially
sociology, theoretical perspectives emphasize conflict, inequality,
and power, see order as determined and maintained by dominant
groups, and highlight conflict between groups as a source of
change. Therefore, change could be seen as needing to be
transformative and involve the redistribution of power. Without
a social science perspective, change may be depoliticized (Olsson
et al., 2015: p. 5).
Achieving Resilience—What End Goals?
A third related question in research that aims for innovations in
FEW nexus resilience is, what are the goals? If the desirability
of maintaining the system as a whole is questioned, identifying
system functions may be an alternate way to identify what
is desirable to sustain and what is meant by adaptation
vs. transformation. However, focusing on a system’s function
tends to ignore inequality and conflict in the system by not
attending to who gets to identify what functions are valued and
benefit most from valued functions (Hatt, 2013; Olsson et al.,
2015: p. 5). Different individuals, groups, and sectors obtain
different functions from the FEW nexus. Focusing on system
function may also obscure the desirability of system change for
some. If adopted unquestioningly, focusing on system functions
risks placing the focus on positive functions and obscuring
negative and unintended outcomes. For example, increasing the
number of salmon in the CRB might come at the expense of
irrigation water for farmers, or improving the resilience of per
capita economic growth could increase environmental damage.
Simply focusing on the function(s) of a system also ignores
the possibility of substitutability, that a different system could
provide some of the same identified functions in coupled human
and natural systems (Chen et al., 2012). Finally, this raises further
issues regarding ethical considerations of the “function” of an
ecosystem and the consequences for not only humans, but also
non-human species and the ecosystem itself. Identifying goals
for resilience still represents a productive way forward, as long
as an equity dimension is part of conceptualizing FEW nexus
resilience.
Conceptualizing and Operationalizing Resilience and
Change
Fourth, and especially in order to model FEW nexus resilience,
we need to consider how we conceptualize and operationalize
adaptation, change, and system change in FEW nexus resilience,
especially when it comes to the social. Social relations may
not be able to be adequately characterized by the terms either
resilience researchers or systems modelers use to describe system
interactions. Resilience researchers’ differentiation between
disturbances vs. deliberate efforts for system change and system
modeler’s conceptualizations of stocks, flows, and feedback loops
may all be inadequate in accounting for variations caused by
human agency and in the contexts of norms, cultures, and power
inequalities (Olsson et al., 2015). For example, the choice by
agricultural workers in one region to strike, the decision by
some tribal groups to bring lawsuits that result in the removal
of dams, or the election of a president which creates uncertainty
about future environmental regulations all represent examples of
human agency that vary by context and are difficult to model
at the system level. Further, what do we mean by “persist” vs.
adapt and change, and how do we give these precise conceptual
and operational definitions? Is transformation part of resilience
or something different? How do we know when a system has
adapted, vs. transformed? In other words, there is ambiguity in
resilience research regarding operationalizing and modeling the
role of change and transformation in perpetuating the system and
making it more resilient vs. shifting to a new system, which is
further complicated by the addition of the social (Olsson et al.,
2015). Further, a new systemmay or may not be more sustainable
or resilient.
Boundaries and Scale
Fifth, studying the resilience of FEW systems requires delineating
boundaries of the system and considering scale. This involves
designating factors as exogenous or endogenous to the system,
conceptualizing boundaries across space and time, and thinking
about multilevel processes across scales. These considerations
become even more complex with incorporation of the social,
as systems operate at different units or levels. Dietz (2017)
offers one useful typology as an illustration, as follows.
Ecological systems may be seen as including the biosphere, biotic
province, landscape, watershed/airshed, community population,
and individual, whereas the social system may be thought
of as the world system, nation, culture, political subdivisions,
community, household, and individual. Political boundaries,
from national to tribal to state to county overlap with natural
features. “Human system boundaries and ecological system
boundaries are nearly always different” (Dietz, 2017: p. 199).
Social relations also connect actors, institutions, and
structures across and beyond the system (Olsson et al., 2015).
Adger et al. (2005: p. 1037) find in an increasingly globally
connected world, “the resilience (or conversely vulnerability)
of coastal societies is more tightly linked to larger-scale
processes today than in the past.” In a review of research
Frontiers in Environmental Science | www.frontiersin.org 4 September 2018 | Volume 6 | Article 104
Givens et al. Social Science and FEW Resilience
on the WEF nexus, Endo et al. (2017) find stakeholders
across boundaries and at various scales, representing research,
science-policy interfaces, funders, governments, development
organizations, business and industry, civil society (NGOs),
and media. Perrone and Hornberger (2014) emphasize the
role of boundary crossing trade on FEW nexus security.
Peterson (2000) tackles resilience and transformation across
scales in interacting natural and social systems in a case
study of salmon in the CRB, while Jarosz and Qazi (2000)
examine global forces that shape the apple industry in
Washington. Such approaches highlight the complexities of
boundaries and scale when social system considerations are
included; they also demonstrate the necessity of including social
considerations for an accurate understanding of FEW system
dynamics.
Unequal power dynamics also shape the delineation of
boundaries, with important social implications. An emphasis
on resilience at local scales may detract from the need for
collective responsibility at larger scales to address inequality
and risk (Lockie, 2016). Furthermore, what we label as resilient
could just be a short-term condition, or a condition enabled
by exploitation elsewhere in space or time (Hornborg, 2006;
Davidson, 2010). Many studies of sustainability examine one
place and do not attend to interactions across boundaries
and impacts on sustainability in multiple places; in response
Liu et al. (2013) propose an integrated framework based on
telecoupling, a concept that draws attention to socioeconomic
and environmental interactions over distances.
In sum, social science perspectives help us consider in more
depth what we mean by resilience, inequality and power in
driving processes and outcomes; goals of the FEW nexus;
strategies for adaptation vs. system change; and boundaries of
coupled human and natural systems at various scales and across
space and time. Consideration of the social helps us reflexively
assess “whose environments and livelihoods we seek to protect
and why” (Cote and Nightingale, 2012) and who has voice in
that process. Such considerations will help advance FEW nexus
research by more fully capturing FEW nexus realities and by
attending to issues of justice and equity, especially in the context
of environmental changes and proposed innovations.
Incorporating social science perspectives into FEW nexus
research also highlights data needs: data that capture social
inequalities between and within stakeholder groups, data that
are compatible to both social and ecological systems at various
scales, and data collected over time. We need data that relate to
processes, drivers, outcomes, and goals. Next, we turn to some
specific strategies for incorporating social considerations and
available data into FEW nexus research.
STRATEGIES FOR INCORPORATING THE
SOCIAL INTO FEW NEXUS RESILIENCE
RESEARCH
There are several theoretical and methodological approaches
well-suited to addressing some of the issues highlighted above
and enabling incorporating the social into FEW nexus resilience
research. Here, we briefly discuss several approaches that we put
into categories relating to processes, metrics, or modeling.
Processes
Process-based approaches focus on the participants in the
resilience process and assist in developing generalizable
frameworks for understanding complex FEW systems. The
resilience framework for social-ecological systems analysis is one
of the most common process-based approaches for integrating
the social into resilience research. This conceptual framework
draws on complex systems theory to analyze how human
societies interact with ecological change and build capacity to
adapt. Resilient social-ecological systems are ones that can adapt
to change—both respond to change and shape change—in a way
that does not limit future options and actually enhances capacity
to adapt (Berkes et al., 2003). Scholars working in this area bring
together ecological, social, and economic elements, conceptualize
resilience as a dynamic process rather than a state variable, and
focus on adaptive capacity, complex adaptive systems, and
panarchy, a concept specifically emphasizing systems analysis,
multi-scale and temporal interactions, and interdependencies
(Gunderson and Holling, 2002; Folke, 2006; Curtin and Parker,
2014; Chaffin et al., 2016; Cosens and Gunderson, 2018; Cosens
et al., 2018). Humans are increasingly seen as the cause of system
changes and this perspective can provide insights as to why
conventional scientific and technological approaches to resource
and ecosystem management sometimes make problems worse
(Berkes et al., 2003; Folke, 2006).
Much of the research on socio-ecological systems draws from
a related and overlapping body of research on governing the
commons andmanaging common pool resources, Ostrom (1990,
2009) also emphasizes process and focuses on self-governance
of resources by users to achieve sustainability. Challenging
the assumptions that resource users are not able to engage
in sustainable self-governance and that market control, i.e.,
privatization, or state control of resources are the only ways to
avoid a “tragedy of the commons,” predicted by Garrett Hardin
(Hardin, 1968: p. 1243), Ostrom (1990, 2009) documented
self-organization as a successful alternative in her empirical
research. This research identifies a variety of factors that
encourage the likelihood of collective social and institutional
organization to sustainably manage social-ecological systems,
which makes system collapse less likely. Ostrom (2009) in her
article, “A General Framework for Analyzing Sustainability of
Socio-Ecological Systems” finds system collapse is more likely in
systems that are large, highly valuable, open access, and made
up of diverse resource users who do not communicate and fail
to develop rules and norms for managing the resource (Ostrom,
2009). Furthermore, examples of locally evolved self-governance,
sustained over time but disrupted when outside factors impinge,
demonstrate the need to analyze complex systems at different
spatial and temporal scales and portray sustainability as an
ongoing struggle in the face of increasing resource demands
driven by interactions between population, consumption, and
advanced technologies that increase resource use (Dietz et al.,
2003). In addition to influencing the literature discussed above on
socio-ecological system resilience, Ostrom’s work has spawned
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a large body of research on commons governance, some of
which engages with FEW issues. For example, Villamayor-Tomas
et al. (2015) analyze the role of institutions on environmental
outcomes of the FEW nexus. Ostrom’s work has also inspired
multiple other research areas (see Arrow et al., 2012 for a
review). Two relevant examples include work on human drivers
of environmental change (Rosa and Dietz, 2012; Dietz, 2017) and
work on Coupled Human and Natural Systems (CHANS) (Liu
et al., 2007a,b).Within the CHANS framework, Chen et al. (2012)
explore systems in which human and natural aspects interact and
the production of human, animal, and ecosystem well-being and
sustainability.
Metrics
Issues related to equitable access to resources, power, and agency
have often been neglected from FEW nexus evaluation (Biggs
et al., 2015), but several frameworks of indicators from the
social sciences facilitate their incorporation. The Livelihoods
Framework (LF) puts people and their needs at the center
of the analysis and emphasizes the needs of the poorest and
most vulnerable (Tanner et al., 2015). Livelihoods provide a
link between the FEW nexus, resilience, and human well-being
(Biggs and Watmough, 2012; Biggs et al., 2015). Researchers
using the LF often examine local, context-specific livelihoods
in rural contexts in less developed countries, and link social
outcomes of the FEW nexus to the UN Sustainable Development
Goals (Biggs et al., 2015; Rasul, 2016). The multidimensional
Livelihoods index includes human, physical, social, financial,
and natural metrics and enables measuring and monitoring of
outcomes (Donohue and Biggs, 2015).
We are especially concerned with environmental change
because of its expected impacts on human well-being (Dietz,
2017). Social science perspectives would likely conceptualize
the purpose of the FEW system to be improving human well-
being2. The theory of structural human ecology draws attention
to the use of natural, human, and manufactured resources,
and the role of social structure in producing well-being (York
et al., 2002; Dietz, 2015). In the past, economic measures
of wealth or affluence were used as proxies for well-being,
leading to an emphasis on economic growth. There was also
an overreliance on “technological fix” approaches to deal with
environmental and resource issues. Together, the emphasis on
growth and technology, and the assumption that focusing on
these would also solve other problems, led to de-prioritization
of directly addressing issues of inequality (Dietz, 2015). While
the GINI coefficient is one useful and widely used metric of
economic inequality, the structural human ecology of well-being
perspective addresses relationships between inequality, human
well-being, and the environment and employs measures such as
life expectancy and subjective well-being. Such approaches and
metrics of well-being are particularly well-suited to quantify a
variety of system inequalities. Metrics include the environmental
2Related research calls attention to well-being of nonhuman species and the
ecosystem as a whole; for example, the Coupled Human and Natural Systems
(CHANS) literature sets forth a research agenda on systems in which human and
natural aspects interact (Liu et al., 2007a,b).
efficiency of well-being (Dietz et al., 2009; Knight and Rosa,
2011), environmental or ecological intensity of well-being (Dietz
et al., 2012; Jorgenson and Dietz, 2015), energy intensity of well-
being (Jorgenson et al., 2014), and carbon intensity of well-
being (CIWB) (Jorgenson, 2014; Jorgenson and Givens, 2015;
Givens, 2017, 2018). While these metrics are comparable across
large geographic areas, there are many efforts to develop well-
being focused indicators and indices at various scales. Smith
et al. (2013) review∼20 different international well-being indices
including the UNDP’s Human Development Index, based on
the capabilities approach of Sen and Nussbaum (Nussbaum
and Sen, 1993). In the US, more nuanced measures may
be especially pertinent for evaluating social aspects of FEW
nexus resilience. The County Health Rankings and Roadmaps
(CHR&R)measures community health at the county level (http://
www.countyhealthrankings.org), the Center for Disease Control
and Prevention’s Social Vulnerability Index (SVI), is measure
of community resilience based on US Census Data (https://svi.
cdc.gov), and the Environmental Protection Agency’s Climate
Resilience Screening Index (Summers et al., 2017) incorporates
social and environmental variables.
Flora et al. (2004; see also Flora et al., 1997) developed
the Community Capitals Framework (CCF) to understand
community development. The CCF offers a third way to
conceptualize and operationalizing the social in the FEW nexus.
The framework consists of seven types of capital: natural,
cultural, human, social, political, financial, and built and attends
to creating development, wealth, and self-sufficiency, improving
leadership, and reducing poverty. In order to experience
successful economic development, communities are advised to
focus on types of capital and interactions among them (Emery
and Flora, 2006). The capitals are seen as building upon each
other; investment in some capitals impact other capitals, with
the goal being “spiraling up” (Emery and Flora, 2006). The CCF
encourages research from a systems perspective, and allows the
analysis of stocks and flows, conceptualized as stocks of the
various forms of capital and flows as types of capital invested.
Capitals are operationalized with some of the same metrics
mentioned above, such as census, voting, or survey data, although
data availability over time and at various scales remains an
issue3. While livelihoods and well-being are often conceptualized
as outcomes of the FEW nexus, CCF explicitly frames capitals
as both drivers and outcomes. For example, Schirmer et al.
(2015) operationalize the capitals and interpret the capitals as
determinants of human well-being, while Rijkhoff et al. (2017)
and Martinkus et al. (2017) utilize the CCF to inform decisions
about site selection for bio-fuel development. Donoghue and
Sturtevant (2007) describe how various projects have used
community capitals indicators to estimate community capacity
3There are some issues with the capitals framework. First, Dietz (2015: p. 134)
expresses a preference to “reserve the term capital for resources that are used with
the expectation of a positive return on investment—a profit” and recommends
use of the term resources unless there is a specific intention to use the resource
to generate exchange value. Second, Bourdieu’s initial conceptualization in the
1980s of the multiple forms of capital highlighted their role in producing and
reproducing inequality (Bourdieu, 1986; Schor et al., 2016).
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and resilience in towns and cities of the western United States
(for related work see Haynes et al., 1996; Harris et al., 2000).
Modeling
Conceptual maps are useful tools for representing complex
system dynamics, including social aspects (Heemskerk
et al., 2003). They enable capturing, organizing, and refining
understanding of key feedback structures and outcomes within a
particular system of interest. Conceptual mapping exercises, by
nature, are creative processes in that they seek only to identify
those important concepts or structures (whether physical or
social) and the relationships that link them. Linkages in these
exercises convey basic information, such as directionality or
positive/negative impacts, rather than specific mathematical
relationships. As such, these general, visual representations of
a system are particularly useful for developing and building
consensus around how a system is thought to behave (Stave,
2003), and bridging divides in interdisciplinary research
(Stuart, 2016). Conceptual maps have been used to bring
more explicit attention to social, community, and ecosystem
service factors and to highlight composition and competition
of communities (Nandalal and Simonovic, 2003), limitations
and constraints due to environmental resources (Ghashghaie
et al., 2014), co-dependent FEW security needs (Ericksen, 2008),
and considerations related to governance, labor, poverty, and
population fluctuations (Flora et al., 2004). Conceptual mapping
can be a first step toward more precise modeling efforts.
A more rigorous methodology for representing complex
system dynamics is system dynamics (SD) modeling. SD
modeling is a structured framework for simplifying and
simulating the complex feedback dynamics and time delays on
the accumulation, movement, transformation, and reduction
of key resource stocks (Luna-Reyes and Andersen, 2003). SD
models tend to be computationally efficient and relatively flexible,
particularly in comparison to the physically-based, mechanistic
models often used for biophysical assessments. Models can have
any number of feedbacks represented (from several to thousands)
that when coupled integrate these myriad interactions into a set
of non-linear expressions of accumulation and delayed response-
a major strength of SD modeling for systems understanding.
While SD modeling efforts span a diversity of disciplines and
systems of interest, all center on the assumption that the structure
of the system determines the observable behavior (Sterman,
2001). This assumption may be incompatible with social analysis
because it minimizes the ability to incorporate human agency.
A second problem is that while some of the feedbacks and
processes are quantifiable, many important social components
are difficult to quantify adequately. For instance, it is relatively
easy to find high-quality, quantitative data on economic or
biophysical processes (e.g., yearly accumulated rainfall, annual
gross domestic product), but reliable quantitative data for
many social processes that are important drivers of system
behavior (e.g., social capital, trust) are not widely available at
varying geographic and time scales (Castelletti and Soncini-Sessa,
2007; Pahl-Wostl, 2007). Efforts to integrate quantitative and
qualitative social data into SD models is ongoing. Many SD
models make use of qualitative social data in the conceptual
mapping and causal diagramming phases of model construction.
In these early stages of model development, such data can
be extremely useful for identifying appropriate policies, key
structures, and decision-making logic that underlie the structure
of the system and its behavior (Coyle, 2000). One promising
approach regarding data is offered by current research on
interoperable data, data that are compatible at different scales
and units of analysis and that can integrate both social and
biophysical components. Scholars working in this area highlight
the potential for such data collection at scales ranging from the
community to networks of environmental observatories, and the
need for such data to improve our understanding of complex
environmental problems and linked human and natural systems
(Alessa et al., 2018; Bourgeron et al., 2018; Griffith et al., 2018).
THE YAKIMA RIVER BASIN (YRB)
In this section, we turn to a case study to flesh out some of the
social and FEW nexus dynamics at play in the YRB. We then link
examples from the YRB back to the complexities and strategies
addressed above for seeing the social as both driver and outcome
in FEW systems.
The YRB, located in south central Washington (Figure 1),
spans four counties, and supports a diverse array of economic
activities, wildlife habitat, and cultural heritages. Today, the YRB
is perhaps best known for its agriculture, but this area has
had a long and complicated history of food, energy, and water
development, both from a biophysical and social perspective, that
continues to influence FEWmanagement and policy in the basin.
Currently, the YRB is one of the most agriculturally-productive
regions in the state (Vano et al., 2010). In 2012, crop and livestock
production in Yakima County alone generated over $1.6 billion
in market sales (USDA, 2012). With approximately one-third of
the farmland in the basin currently under irrigation, this area
is one of the state’s top producers of apples, wine grapes, milk,
and hops (USDA, 2012). Estimates in 1978 valued agricultural
products to be worth $180 million annually (Huszar et al., 1978);
today it is over $3 billion (Yoder et al., 2017). This agricultural
success is tied tightly to the development and proliferation of
irrigation in the basin, and arguably embodies the heart of FEW
nexus issues in the YRB. Given the importance of this basin to the
state economy, regional wildlife, and local culture, the YRB has
been heavily studied and thus provides a rich body of information
and science fromwhich to examine the FEWnexus through time.
Here, we identify important technological and social innovations
or changes that have shaped FEWnexus development in the basin
over the past 150 years to provide a richer understanding of how
the FEW nexus developed in interaction with the social context.
The Co-evolution of FEW Systems in the
YRB
Before the nineteenth century, this basin was home to the
Yakama and other Native American Tribes. These indigenous
communities had cultures that entwined tribal traditions and
livelihoods with the land, water, and wildlife. Most indigenous
people in this area were subsistence-based and relied on root
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FIGURE 1 | Yakima River Basin in Washington State, USA.
crops and the large populations of anadromous fish, including
salmon and steelhead that would enter the Yakima River to spawn
(Hunn, 1990). Records from the 1880’s suggest runs of up to
790,000 fish per year (McIntosh et al., 1994; USBR and State of
Washington Department of Ecology, 2012). The importance of
these fish populations to the Yakama people were both tangible,
with salmon accounting for upwards of 40% of a tribal person’s
daily caloric intake, and intangible (Gunnier, 2008). Salmon were
honored in ceremonies and places of worship and were deeply
integrated into social and cultural heritage (Montag et al., 2014).
In the early nineteenth century, Euro-American explorers
arrived, displacing many Native American Tribes and creating
the foundations of the agricultural and ranching industry that
now dominate the basin (Figure 2). Critical to the success of this
colonization was the installation of irrigation systems to support
production in an otherwise semi-arid environment. The mid-
1800’s saw a rapid growth of private irrigation systems- series of
canals and ditches drawing water from the Yakima River- and
railroad development that spurred cattle and sheep ranching as
well as irrigated wheat, alfalfa and fruit tree production (Kuhler,
1940). By 1900, more than 700 miles of canals and laterals
extended throughout the basin and this number increased by
orders of magnitude when Yakima was selected as the first
“intervention area” by the Federal Reclamation Act of 1902
to subsidize agriculture through low-cost or free irrigation
construction and infrastructure (Sheller, 1997). The culmination
of this intervention was the Yakima Irrigation Project, initially
constructed between 1905 and 1917, now providing water for
nearly 470,000 acres of farmland, and comprising five reservoirs
on the Yakima River system, six irrigation divisions, and about 2
million acre-feet of water entitlements (Yoder et al., 2014). By the
1950s, dam construction on the Yakima and Columbia Rivers had
blocked a majority of waterways historically used by anadromous
fish for passage to upstream breeding grounds, and consequently
fish populations declined dramatically. Several species, including
the sockeye, summer chinook, coho, steelhead, and bull trout are
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FIGURE 2 | Development of Yakima River Basin FEW Systems.
now listed as threatened under the Federal Endangered Species
Act (State of Washington Dept of Ecology, 2012).
Meanwhile, the ability to irrigate large areas of the basin
made this location particularly well-suited to food production,
but required a large amount of farm labor to plant, tend,
harvest, and process goods. This need for labor in the Yakima
increased substantially with the onset of World War II (WWII),
when many of the farm workers needed to produce food were
sent to war. By 1941, there was a critical labor shortage in
the YRB and throughout the Pacific Northwest (Gamboa and
Leonard, 1990). Women, children, members of Native American
Tribes, prisoners were recruited to help bring in harvests, in
addition to migrant workers from Mexico under the federally
negotiated Mexican Farm Labor (MFL) Program of 1942 (Jarosz
and Qazi, 2000; Darian, 2006). While Mexicans had been present
in small numbers in the Yakima basin since at least the 1850’s,
the MFL program brought in nearly 5 million workers to the
US, many to the Northwest, in the 22 years the program
existed (Darian, 2006). When WWII ended, the labor shortage
also subsided, except in Washington. The completion of the
Columbia Basin Irrigation Project in 1948 created a continued
need for agricultural and food processing labor allowing many
migrant workers year-round employment. Between 1950 and
1960, Hispanic populations in the Yakima Valley, and elsewhere
in Washington, grew rapidly. Immigration was facilitated by
two changes to federal law- the Immigration and National
Act Amendments of 1965, which created a preference system
for immigrants with relatives in the US, and the Immigration
Reform and Control Act of 1986, which granted amnesty to
immigrants who could prove they had been living in the US since
1982 (Darian, 2006). Since the 1960’s, the Hispanic population
in the Pacific states continued to rise, partially driven by the
continued need for farm labor, but also because of the well-
established Hispanic communities that facilitate integration for
new migrants (Darian, 2006).
Hydropower development has also occurred in the YRB. The
first power plant was built in Prosser in 1932 in the Kennewick
Division and was later incorporated into the larger Chandler
Power Plant in 1955. The Roza Power Plant was built in 1958.
Today, these plants primarily generate hydropower for the
agricultural sector, with an installed generating capacity of 24,900
kW. Surplus is marketed by the Bonneville Power Administration
(BPA), which was established as a regional scale entity in 1937
and is now part of the federal Department of Energy. The BPA
is responsible for coordinating the sale of hydropower from
federal dams in the Pacific Northwest (Cosens et al., 2018). The
hydropower economy of the YRB is smaller than the agricultural
sector, with two divisions (Kennewick and Roza) using water for
irrigation and power. In recent decades, these power plants have
been subject to subordination to augment the streamflow and
improve the aquatic habitats in the Yakima River as authorized
by Title XII of the Act of October 31, 1994 (108 Stat. 4550, Public
Law 103-434). There are concerns that further subordination
could lead to hydropower deficiency in the agricultural sector.
Current FEW Issues in the YRB
Today, agriculture accounts for nearly 28% of the labor force in
Yakima County. Demographics in this county reflect the mixed
heritage of the YRB, with 48% of residents claiming Hispanic or
Latino descent, 44% registering as White, and 6.2% as American
Indian/AlaskanNative (Meseck, 2017). Despite the constant need
for field and food processing in the Yakima, many of the jobs in
this basin are seasonal, and thus the per capita income in Yakima
County ($38,527) is significantly lower than the state average
($51,898), and the poverty rate is higher (19.1%- Yakima, 12.2%-
state average) (Meseck, 2017).
Additional FEW issues in the Yakima link to climate change
and a long-term trend in increasing water demands that have
created tensions between water users in the basin. Inequality is
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characteristic of water rights in the YRB. The prior appropriation
doctrine that guides water rights in this basin favors early
water users, or senior water rights holders, over those who
acquired water rights later. These later users, or junior water
rights holders, may be prorated each season and may only
receive water after the senior water allocations have been met. A
mechanism for determining water allocations to YRB irrigators
in years of shortage was developed with the 1945 Consent Decree
[US District Court, 1945] along with a strategy for forecasting
drought (and thus how much water junior rights holders could
expect to have in a given season). Miscalculations associated
with drought forecasting can, and have had, serious economic
and societal ramifications for individual farmers in the YRB
(e.g., Glantz, 1982; Vano et al., 2010). The issue of the “haves”
and “have nots” is amplified as state water permitting agencies
(Washington Administrative Code 173 539A-WAC) are forced
to recognize and deal with the growing problem of groundwater
use impacting surface water user rights, and the need to continue
to provide, and in some cases augment, necessary in-stream flows
for endangered fish (Gendaszek et al., 2014).
Issues over water rights are reflected not only at the individual
scale, but can be seen in sectoral conflicts as well. As streamflow
timing and availability shift with climate change, irrigation,
hydropower and municipal water users are increasingly coming
into conflict as the volume of water available no longer matches
when water is needed (and permitted for). This is exacerbated
by the subordination of hydropower production in the YRB
over the last 20 years in favor of meeting water demands for
agricultural production and in-stream flow requirements for
endangered fish. Other concerns include agribusiness runoff
affecting water quality and lawn watering systems putting heavy
demand on available water (Yakama Nation, 2016). Today, the
Yakima Basin Integrated Plan (YBIP) aims to balance competing
needs for the river (USBR and State of Washington Department
of Ecology, 2012). The YBIP contains elements related to
improving fish passage and habitat, increasing and enhancing
surface and groundwater storage, implementing market-based
water reallocation programs, and promoting water conservation
(State of Washington Department of Ecology, 2013; S. 714
amendment to Public Law 103–434). The plan while contentious
due in part to concerns by tribes about the impacts and benefits
of additional infrastructural development on fish survivability
and cultural heritage sites, has progressed into the first of three
phases for the $3.8 billion, 30-year Plan (State of Washington
Department of Ecology., 2018). Some of the YBIP’s main aims
are to assure water reliability for the Yakama Nation and to
create a consensus-based management approach that provides
an alternative to litigation (S. 714 amendment to Public Law
103–434).
INTEGRATING THE SOCIAL INTO THE FEW
NEXUS AND MODELING
The YRB case demonstrates the value of considering how the
social is integrated into FEW nexus research. Rather than
thinking of the resilience of this system as characterized by a
return to equilibrium, the social component represents ongoing
change over time. Furthermore, inequalities shape the system and
inequality is an outcome. In terms of social justice and “resilience
for whom,” system change had negative ramifications for tribal
groups and non-human species such as the salmon, while others
prospered, albeit unevenly, from agricultural revenues. The
question “resilience of what,” or questions of system function,
highlights inequalities in power to shape the prioritization of
valued functions. For example, we can see the role that powerful
agricultural played in policy development and passage of laws
regarding multiple aspects of the FEW system- migration to meet
labor needs, the building of dams for irrigation and energy, or in
the designation of water rights.
In addition to encouraging a deeper consideration of how
resilience is defined, an incorporation of the social allows
researchers to explore questions such as: Do these unequal
outcomes mean the FEW nexus is less resilient in certain aspects?
Would the system as a whole be more resilient if there was less
inequality in process and/or outcome? Further, are these changes
over time accurately characterized as innovations to increase
resilience? Also, when should they be considered adaptations
vs. system changes? For example, some affected parties might
characterize YRB FEWnexus changes as adaptation, while others,
such as the tribal groups who experienced drastic alterations
in their lives and cultures, might perceive this as system
change. External forces, including colonization, war, and market
pressures, also highlight the complexity of delineating system
boundaries and forces across scales.
The YRB case study also demonstrates the social is both driver
and outcome of the FEW nexus, shaping how we conceptualize
and model FEW nexus resilience and sustainability. A social
science lens allows researchers to ask, how do these inequalities
shape our assessment of FEW nexus resilience? The CCF
literature highlights how livelihoods, well-being, and the various
capitals are not only outcomes, but also drivers that shape future
options (Emery and Flora, 2006). Clearly, social forces were key
in driving the development of the FEW nexus in this region
and they continue to shape the region today. The presence
or absence of adaptive governance practices, emphasized in
the socio-ecological resilience literature (Folke et al., 2005),
or common pool resource governance practices, described by
Ostrom (1990), draw attention to inequality in process and
how it affects uneven outcomes in terms of resource access.
Examples include access to fish species and water resources
(Cosens et al., 2018). Additionally, these processes link to
uneven outcomes in terms of livelihoods and well-being for
some groups in the region. Negative social ramifications are
especially important to consider when designing innovations
for improving FEW nexus resilience or modeling innovation
outcomes, in order to make interventions more just and
accurate and to help avoid unintended consequences of proposed
changes.
This case study provides a structure from which we can
start parsing the social and biophysical together into a unified
modeling effort. While the modeling effort is on-going, below
we highlight how such social frameworks and indicators may be
integrated to model the FEW nexus.
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Conceptual Mapping the Evolution of the
FEW Nexus Over Time
Building on the information presented in the Yakima case
study, we use a type of conceptual map (causal loop
diagrams) to show how YRB socio-ecological systems have
developed over time and what factors dominate. A timeline
(Figure 2) highlights the introduction of innovations, especially
government policies, in which affected groups had unequal
access to shape processes and changes had lasting societal
impacts. Figure 3 shows the development of linkages and
feedbacks in the Yakima River Basin. In this figure, a series
of successive conceptual maps depict simplified linkages and
feedbacks related to these trends which demonstrate a (A)
pre-1900s era, (B) 1900-1950s era, and (C) 1950s-2000s era
management of the water available. The initial social-ecological
system in Figure 3A revolves around the boundaries and
scale of the Yakama Nations in the YRB. The local FEW
system was defined by the water availability that contributed
to habitats for large populations of anadromous fish, including
salmon and steelhead, which produced local food security and
social and cultural heritage (Montag et al., 2014). Resilience
of this food resource benefited the tribes’ and bands’ well-
being in 4.6 million ha of the Lower CRB. This food system’s
resilience and change is illustrated in the subsequent eras
(Figures 3B,C).
After ceding 90% of this land to the U.S. government and
with the increase in Euro-American settlers into the region
(Figure 3B), a new FEW system began intensely affecting the
previous one with the rising dominance of irrigated agriculture.
Washington apple production in particular begin to cause
rising tensions related to social justice and conflicting goals
for food systems. Federal policies and actions privileged the
production of apples for shipment to Hong Kong, Honolulu,
and Europe by 1900 (Jarosz and Qazi, 2000) effectively
exporting water to global consumers and in contrast to
the previous food system developed for local consumption.
Similarly, many other regional agricultural products were
produced for national and international markets. This caused
regional social shifts, such as decreasing the presence and
power of the Yakama nations and increasing Euro-American
settlers’ influence, and demographic shifts, such as increasing
the Mexican migrant labor population. Salmon populations
significantly decreased and global shocks begin to have more
direct impact via war-time policies and international agricultural
market competition.
The 1950s to 2000s era (Figure 3C) saw further interaction
between the local FEW system and the export-driven FEW
system. Hydropower and diversion rules that decreased the
supply and quality of instream flows were established, however
legal measures also became available to require the water needed
for endangered anadromous fish.
Figure 3 demonstrates that throughout these three periods,
the questions of “resilience for whom?” and “of what?” shifted
from a focus on local residents’ sustenance to export-driven
economic development and finally to more emphasis on market
forces, management of resources, and an attention to the
FIGURE 3 | Development of linkages and feedbacks in the Yakima River
Basin. (A) Pre 1990, (B) 1900-1950, and (C) 1950-2000.
incorporation of multiple stakeholders enabled through legal
mechanisms4. We do not mean to suggest that this is either a
desirable or undesirable change, nor that it necessarily results in
a decline in overall local resilience. We simply aim to suggest that
4Key features of governance in the region are dominated by legislation and acts
of Congress that enable feasibility studies for enhancement projects (93 Stat. 1241,
Public Law 96-162) and later funding to implement mitigation (phase 1; 98 Stat.
1333, Public Law 98-381; 98 Stat. 1379, Public Law 98-396) and conservation
(phase 2; Title XII 108 Stat. 4550, Public Law 103-434) (USBR, 2018). While
legal recognition and facilitation is enabling the space for reconciliation of highly
developed river systems with ecosystem functions (Cosens et al., 2018), significant
effort is needed to continue to promote adaptive governance that includes effects
on stakeholders’ well-being (Montag et al., 2014).With phase 3 of the Yakima River
Basin Enhancement Project being authorized in 2017 (S. 714 amendment to Public
Law 103–434), $3.8 billion has been allotted toward collaboration that enhances
long-term resiliency.
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modeling resilience in this way can incorporate social factors, and
that the best conceptualizations of resilience take into account the
uneven impacts, impacts at various scales and across boundaries,
and multiple definitions of and desired pathways to resilient
situations for different groups.
Conceptual Maps of the FEW System That
Further Incorporate the Social
The timeline conceptual maps in Figure 3 show how conflicting
goals for multiscale FEW systems can shape which groups
dominate both processes and outcomes, and how these have
lasting impacts by shaping future opportunities. Next, we
incorporate more components, both biophysical and social, into
a map of the current YRB FEW system (Figure 4). Figure 4
is a conceptual map of FEW system demands and allocations
based on distribution between users that prioritize water for
development (D) and users that prioritize water for fish and
ecosystem function (EF). To create this we build on several
modeling efforts that address various components. For example,
Ericksen (2008) models aspects of food systems that contribute
to food security; this can be adapted to include energy and
water security and considerations of livelihoods, well-being,
and elements of the CCF. Nandalal and Simonovic (2003)
create a conceptualization where the power with which a group
of stakeholders is able to employ to pursue their interests
results in a decreased allocation for the neighboring stakeholder.
Loops are negative when the variable dynamics balance each
other or positive when they are reinforcing and leading to
positive feedbacks. This model assumes an ultimate equilibrium
dependent on the aspirations and the weight of the fight in
each group (in what can be seen as the balancing loops of
B2 and B3, for ecosystem function and development priorities,
respectively). While built upon clearly limiting assumptions,
this serves to highlight the fundamental social interactions that
are at the basis of the FEW nexus. Other modeling efforts
show that while increased water utilization could encourage the
development and growth of a community (Loops R1, R2, R3),
this is limited by resource availability (Ghashghaie et al., 2014)
which in this case is demonstrated through the reservoir water
balancing loop (B1). Figure 4 represents our attempt to build on
these previous models and incorporate attention to the social as
both input and output of FEW system mapping. For example,
in Figure 4 one section of the conceptual map indicates how
governance plays a role in introducing policies that ultimately
negotiate and prioritize FEW security of various stakeholders as
well as how their satisfaction and aspirations (e.g., livelihood,
well-being) create feedbacks. Starting with archetypes of resource
allocation (Loops B1, R1,R2,R3) and combining with resource
conflict (Loops B2, B3) demonstrates a adjustable, specific, and
reproducible methodology that has been called for in nexus
assessment (Ghashghaie et al., 2014; Albrecht et al., 2018).
Our next conceptual map shown in Figure 5 then
incorporates the CCF, including financial, built, political,
social, human, cultural, and natural capital (Flora et al., 2004,
FIGURE 4 | Conceptual map of FEW system demands and allocations based on distribution between users that prioritize water for development (D) and users that
prioritize water for fish and ecosystem function (EF). R and B represent positive and negative feedback loops.
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2005). In this conceptual map that incorporates the capitals
framework into FEW system mapping, green text highlights
ecosystem functions and blue text indicates development aspects
within the Yakima River Basin. Pink text demonstrates where
community capitals influence interactions in the FEW nexus,
and red text shows areas that can influence intensification
or alleviation of frictions. In conceptualizing the structure of
the system, this map can assist researchers in evaluating what
shapes the resilience of components of the system. This set of
feedbacks and loops is an initial visualization of where certain
policies have potential to increase or decrease frictions between
diverse stakeholder groups within the FEW nexus. It also helps
inform what dynamics are behind incentives to compete or
cooperate. Modeling social-ecological system complexities in a
way that allows us to form multiple testable hypotheses is vital to
evaluating resilience (Gunderson, 2003). Figure 5 demonstrates
how the CCF can be integrated into a model that allows for
testing of multiple hypotheses, especially related to proposed
system innovations. For instance, if aquifer storage and recovery
is developed within the Yakama Nation (S. 714 amendment
to Public Law 103–434), this might allow natural capital to be
amassed, leading to a decreased need to fight for more water. If
this innovation combines with a shift in norms in the YRB away
from landscaping requiring watering this could further alleviate
water demand and conflict.
Integrated Modeling for Improved
Management of the YRB FEW Nexus
After expanding our understanding of social aspects of the
FEW nexus through conceptual mapping, we incorporate these
insights into an existing object-oriented river basin modeling
system. Figure 6 shows a conceptual map of interaction among
FEW systems and society in the YRB. This conceptualization lays
the groundwork and provides a roadmap toward developing a
simulation tool that can answer more profound questions related
to FEW-society interactions. The YAK-RW (left panel) has been
developed and used to simulate the river system processes (FEW
systems) over the YRB (Carron et al., 2000; Zagona et al.,
2001); in the right panel, examples of the community capital
frameworks that have been presented in past studies (e.g., Emery
and Flora, 2006) are included to build upon work discussing
the characteristics of connections between FEW and society
FIGURE 5 | Conceptual map of incorporated capitals into FEW systems with green text highlighting ecosystem functions and blue text indicating development
aspects within the Yakima River Basin. Pink text demonstrates where community capitals influence interactions in the FEW nexus and red text shows areas that can
influence intensification or alleviation of frictions.
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FIGURE 6 | Conceptual map of Yakima River Ware with social components.
(D’Odorico et al., 2018). YAK-RW (Yakima RiverWare) is a case-
specific implementation built on the RiverWare generic platform
(Zagona et al., 2001), a platform system that, similar to System
Dynamics, simulates river system processes through stocks and
flows such as streamflow movement, dam operations, irrigation
and municipal diversions, and surface-ground water interaction
(Figure 6, left side). YAK-RW has been widely used to explore
how stressors such as climate change and farmers’ adaptation
decisions such as farm-level water conservation (Malek et al.,
2016) modify the FEW nexus. The model has also been used
to assess how infrastructural developments such as building a
new dam [USBR (US Bureau of Reclamation), 2008; USBR,
2012, 2018; Yoder et al., 2017] can affect the economy of FEW
sectors including agriculture, hydropower, and fisheries. Below,
we draw upon YAK-RW’s recent application in the YRB to
highlight salient social impacts and feedbacks related to water-
saving technologies. Other research could incorporate social
considerations into similarly developed SD models.
The YRB has been historically sensitive to droughts and
is projected to experience more frequent and severe droughts
in the future (Elsner et al., 2010; Vano et al., 2010; Malek
et al., 2018). Malek et al. (Forthcoming) explore how future
droughts provide financial incentives for farmers to switch to
more-efficient irrigation systems. The authors used YAK-RW to
model the compound impacts of climate change and farm-level
irrigation decisions in the YRB. Results indicate the economy of
the agricultural sector improves under more-efficient irrigation
scenarios and the agricultural sector as a whole will be more
resilient to droughts. Moreover, streamflow increases in some
of vulnerable areas of the YRB. The increase in streamflow
facilitates salmonid outmigration. However, while the economy
of the energy sector is smaller than other sectors, it declines
when irrigation systems are more efficient. This suggests that
irrigation technology innovations have conflicting impacts across
FEW sectors and may create cross sector conflicts.
Ongoing research (e.g., Malek et al., Forthcoming) also
addresses the impacts of FEW-related changes in the YRB
such as farm-level investment in greater irrigation efficiency,
by identifying the “winners and losers” within the agricultural
sector and rural communities. Results indicate that growers of
high-value crops (e.g., grapes, cherries, apples) and multiple-
cutting crops (e.g., alfalfa) benefit the most from the way their
yields respond to the compound effects of climate change and
improvements in water use efficiency. However, investment is
not viable for growers of annual crops (e.g., corn, potatoes, and
wheat) which currently make up about 23% of total farmed areas
in the YRB (Malek et al., Forthcoming). Furthermore, farmers’
decisions depend on several factors, such as age, education, risk
appetite, gender, and familiarity with new systems (Gardebroek
and Lansink, 2004; Crane et al., 2011; Viscusi et al., 2011; Taylor
and Zilberman, 2017). For example, older farmers might be more
reluctant to invest because it could be more challenging for
them to adopt new techniques, or the investment horizon might
be longer than their perception of their own lifespans (Wang
and Hanna, 1998). Moreover, efficient irrigation systems that are
installed usually degrade the quality of return flow, which is a key
component of water supply for downstream users (Bliesner et al.,
1977; Causapé et al., 2004). Therefore, efficient irrigation systems
might lead to additional socio-economic complications through
lower quality of return flow.
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This research on irrigation efficiency and the broader social
implications demonstrates that although efficient irrigation
systems cause an overall improvement in the agricultural
economy of the YRB and make the economy of the basin
more resilient to water stress (i.e., droughts) other interests are
affected and need to be considered. This includes asking the
questions: resilience for whom and of what? For example, a
social science approach allows us to ask how labor demand
is affected, since research shows that reduction in labor
demand can lead to adverse outcomes for rural economy
(Jobbins et al., 2015). We also see that a single economic
indicator (e.g., improvement in overall or sectoral economy
of FEW systems) oversimplifies the conflicting dynamics, such
as those between instream stakeholders (e.g., tribes) and out-
of-stream stakeholders (e.g., farmers) or even between farmers
of different types of crops. Furthermore, local socioeconomic
and biophysical interactions are complex and generalizations
across time and space must be completed carefully. No single
best management practice (e.g. farm-level water conservation)
that benefits all parties may exist, but an inclusive and
transparent policy-making process can lead to a mutually
understandable plan that minimizes conflicts and eventually
creates a lasting self-organized and self-governed system
(Ostrom, 2009).
Our conceptual maps and integrated modeling efforts are
useful in the planning phases of large decision-making processes.
The YAK-RW YRB example (Figure 6, left side) shows how
the components of the FEW system are represented in
the YAK-RW. Despite its strength simulating FEW system
components, though, YAK-RW cannot capture the ways that
society interacts with FEW systems. The middle panel of
Figure 6 shows several socioeconomic factors that could be
used to characterize the feedback process between FEW systems
and society. The right panel shows components of the CCF
that could be integrated. The implementation of these factors,
however, is still cumbersome and hindered by data issues. Our
model presented in Figure 6 represents progress to date in
capturing how shifts in FEW systems affect society and vice
versa, this can inform YAK-RW and other modeling moving
forward.
CONCLUSIONS
FEW nexus research is a complex and highly interdisciplinary
endeavor. This paper demonstrates the complexity, but also
the importance, of considering social factors when examining
FEW nexus resilience. We find, via historical case analysis and
conceptual modeling over time, that FEWmanagement decisions
in the YRB led to starkly unequal outcomes. This demonstrates
that a resilience focus that does not incorporate insights from
the social sciences may unintentionally privilege a status quo
created by those in power. This structures unequal opportunities,
limits diverse understandings of resilience, and may have real
impacts on FEW nexus sustainability. Considerations of the
social enable us to ask questions about inequality, power,
and multiple indicators of resilience, and may productively
shift how we conceptualize FEW nexus sustainability. To
encourage the incorporation of social factors, we highlight
complexities to address. We then provide examples of multiple
approaches to incorporating the social, including ones that
focus on participatory processes and others that focus on
indicators for incorporation, as both drivers and outcomes,
in conceptualizations and modeling of systems at multiple
scales. We then use these in conceptual and system dynamics
modeling. While our research focuses on the YRB within
the CRB, it is applicable to other FEW systems around the
world. Including considerations of social drivers and social
outcomes improves research by making it more accurate in
that it is (1) a more holistic conceptualization of reality, (2)
more likely to produce desired advances, such as innovation
adoption, and avoid unintended negative consequences, and
(3) more just, by taking into account inequalities in the FEW
system.
While some research methodologies such as the case study
approach facilitate considering the social, conceptual mapping
and attempts at bringing the social into amodeling system such as
RiverWare highlight complexities and data needs. We need data
that enable us to explore questions such as how do inequalities
in power to shape process and outcomes matter to various
conceptualizations of resilience and FEW system outcomes?
And, how do system inequalities affect different groups and
various aspect of resilience and sustainability? Modeling allows
us to explore these relationships. While conceptual mapping
does not require data, it, along with suggested framework
and indicators, draws attention to important concepts to
consider and thus it points to data needs. We need data at
multiple scales and time points and data that are compatible
across biophysical and social systems. For example, in the
YRB better data at multiple scales, collected over time, on
water rights allocations, prorationing, litigation, and cultural
damages would allow us to explore how inequalities (e.g.,
cultural or between senior and junior water users) develop
and evolve, and how different innovations may directly or
indirectly impact these relationships. This dearth of data is
a challenge to accurately modeling socio-ecological systems.
Despite these difficulties, we maintain that the social science
frameworks presented, including those that capture livelihoods,
well-being, and community capitals, offer productive ways
forward to incorporate important social components into FEW
nexus research.
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